Ultrasmall SnO 2 nanocrystals as anode materials for lithium-ion batteries (LIBs) have been synthesized by bubbling an oxidizing gas into hot surfactant solutions containing Sn-oleate complexes. Annealing of the particles in N 2 carbonifies the densely packed surface capping ligands resulting in carbon encapsulated SnO 2 nanoparticles (SnO 2 /C). Carbon encapsulation can effectively buffer the volume changes during the lithiation/delithiation process. The assembled SnO 2 /C thus deliver extraordinarily high reversible capacity of 908 mA?h?g 21 at 0.5 C as well as excellent cycling performance in the LIBs. This method demonstrates the great potential of SnO 2 /C nanoparticles for the design of high power LIBs.
S nO 2 is a very appealing candidate as a substitute for conventional anodes in lithium-ion batteries (LIBs) because of its high theoretical capacity, high electric conductivity (,21.1 V?cm), low potential of lithium ion intercalation, as well as superior electron mobility (100-200 cm 2 ?V 21 ?s 21 ) compared to other n-type oxide semiconductors 1, 2 . Nanostructured SnO 2 materials such as 0D nanocrystals (NCs) or quantum dots (QDs) 3, 4 , 1D nanowires 5 and/or nanorods 6 , 2D nanosheets/nanofilms 4 , and 3D-mesoporous SnO 2 7 have attracted wide interest due to their potential for use in a wide variety of applications such as gas sensors 4 , photocatalysts 8 , transparent electrodes for energy conversion 9 , and energy storage devices 2, 5 . The wide applicability of nanostructured SnO 2 materials arises from their quantum size effect, large surface area, and high surface activity 10 . In terms of applications in LIBs, 1D-and 3D-mesoporous SnO 2 structures are of particular importance due to their use as anode materials capable of delivering improved energy and power densities 2, 5, 11, 12 . For example, SnO 2 nanowires have been demonstrated to deliver a discharge capacity of 468 mA?h?g 21 after 30 cycles and a current density of 100 mA?g 21 13 . Also 3D-mesoporous SnO 2 14 and hollow nanospheres 15 were found to have a surprisingly high capacity of 773 mA?h?g 21 after 50 cycles. Unfortunately, SnO 2 or Sn-based anodes suffer from volume changes of 200 , 300% during the lithiation/delithiation process, which leads to pulverization and loss of electrical contact between particles subsequently resulting in severe capacity fade and poor rate capability 16 . A number of strategies have been suggested to alleviate this problem including: interconnecting structures to accommodate volume change 17 , nano-sized crystals with dense stacking to reduce the volume variation 18 , hybrids with other inactive substances, e.g., SnO 2 /carbon 19 , in which the inactive carbon serves as a confining buffer for the volume variations. Despite significant progress already made using these methods, SnO 2 electrodes are still far from commercialization. Therefore, it is urgent that new anode materials with novel architectures are investigated towards the development of commercially viable SnO 2 electrodes with high energy and power densities. Selfassembled SnO 2 hybrid nanoparticles can satisfy the second and third requirements mentioned above, making them an interesting anode material.
In this research, we present a general approach for the synthesis of SnO 2 NCs both plain and hybridized with a carbon shell (SnO 2 /C) via the bubbling of an oxidizing gas through a hot surfactant solution and subsequent annealing. This approach to the synthesis of highly crystalline SnO 2 NCs also has the commercial advantage of continuous operation in production of the material and high yield. This is in contrast to the low crystallinity, uncontrollable aggregation, and restricted yields obtained using many of the previous and commonly employed hydrothermal or aqueous based methods. Other drawbacks of employing hydrothermal or aqueous solution based gas-liquid reactions to synthesize NCs are the inherent limitations imposed by a lower reaction temperature (,100uC), limited selection of the protecting agents in aqueous solution and/or the high pressure required during the synthesis 20, 21 . These conditions tend to result in an uneven size distribution and less densely packed capping ligands on the surface resulting in large aggregates 22 . In contrast, gas-liquid reactions based on high boiling-point surfactants have unique merits such as high diffusion rates, ease of homogeneous nucleation, facile control of the reaction process (derived from controllable gas velocity), possibility of providing a ligand layer on the NCs, and suitability for use in fixed fluidized bed reactors [23] [24] [25] . Here we report that SnO 2 NCs synthesized using a gas-liquid reaction, and subsequently annealed in an N 2 atmosphere have proven to be a good substitute for use as anodic materials in LIBs. The SnO 2 NCs, when encapsulated in carbon, exhibited an extraordinarily high reversible capacity of 908 mA?h?g 21 at 0.5 C as well as an excellent rate capability. The high surface area resulting from the assembly of SnO 2 /C assists in the storage of a greater number of lithium ions 26 . The porous carbon layers act as an elastic matrix to buffer the volume changes of SnO 2 , which afford brilliant cycling performances during the lithiation/delithiation process.
Results and discussion
Physical characterization. The as-synthesized SnO 2 colloidal nanocrystals are greyish in color and can be readily dispersed in nonpolar solvents such as toluene, chloroform and tetrahydrofuran (Supporting Information, SI), which suggests that they have been well capped with the long alkyl chains ligands used in the synthesis. The typical transmission electron microscope (TEM) images of the sample prepared with Sn-oleate complex are presented in Figure 1a and 1b. The Sn-oleate was synthesized from freshly prepared precursor stannic hydroxide and oleic acid in high-boiling point solutions. Detailed procedures are presented in the method section. Monodisperse crystalline nanoparticles with an average size of ,3.0 nm were observed using high resolution TEM (HRT-EM) as shown in Figure 1b . The XRD pattern of the as-synthesised colloidal particles is shown as a black curve in Figure 1c whose peaks can be indexed to that of tetragonal SnO 2 (JCPDS no. . The diffraction peaks (110), (101) and (211) are clearly seen in the XRD profiles. However, the peaks are obviously broadened, especially when compared with the corresponding samples which have subsequently been annealed at 600uC. The XRD profiles of SnO 2 NCs annealed in O 2 and N 2 atmosphere are shown in Figure 1c . These broadened peaks manifest that crystallite domain effects are prominent in the as-synthesized colloidal NCs 4 . Based on the Scherrer equation, rutile SnO 2 NCs have an average lattice plane separation of ,3.3 nm in the [110] direction, which is consistent with the TEM observations 27 . To study the growth kinetics, the absorption (Abs) spectrum of the colloidal NCs sampled at different stages was monitored. Although the NCs are quite monodisperse and small, the optical absorption of the NC solutions gave a scattering-type response. Our prepared SnO 2 NCs are on the same size level as the exciton Bohr radius of SnO 2 (2.7 nm), therefore they demonstrate weak quantum confinement effects 28 . The absorption spectra of the NCs synthesized with different growth times are shown in Figure S1 (see SI). We found a good trend of longer-wavelength shifting during the growth of our colloidal SnO 2 NCs.
The microstructure and phase transitions of the annealed samples were studied. As shown by the electronic microscopy images (Figure 2b , d in the main manuscript and Figure S2c in the SI), uniformly sized particles were obtained after annealing, and the average diameter of the quasi-spheral particles lies between 3.0 and 10.0 nm depending on annealing procedures. The particle size was always found to be smaller than those obtained by hydrothermal reactions, which can be micron-sized 19, 29 . The particles were observed by HRTEM to be composed of numerous single crystals. The two inter-planar observed were 0.26 and 0.33 nm which is consistent with the (101) and (110) of tetragonal SnO 2 ( Figure 1d in the main manuscript or S2b in the SI), respectively. The average size of SnO 2 nanoparticles becomes larger after annealing, especially in an O 2 atmosphere, which is consistent with previous findings where the crystal seeds tend to aggregate and merge into larger crystals during the annealing process. Other tin precursors such as tin 2-ethylhexanoate or di-n-octyltin oxide were also employed to synthesize colloidal SnO 2 NCs by the same synthetic route. The TEM images of the as-synthesized NCs are displayed in Figure 1d and Figure S2d in the SI, respectively. Both images exhibit uniform particles of a size which is less than 3.0 nm. The inset of Figure 1d and S2d showing higher resolution images of a single particle assists in confirming the crystallinity of the particles obtained by the hot-bubbling method.
The effects of ligand decomposition on the encapsulating carboncritical for the lithiation/delithiation process -were investigated using thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). Figure 2a displays the TGA profiles of SnO 2 colloidal particles capped with OLA measured in atmosphere of O 2 and N 2 . The corresponding DSC plot at a heating rate of 5uC?min 21 is given in the SI ( Figure S3 ). When the calcination temperature was increased from room temperature to 800uC, a mass loss of around 8 to 15% wt. was observed for the N 2 thermal treatment samples. However, in the case of O 2 annealing, the mass loss was between 38 and 42% wt. when the temperature was held at 600uC and further increases to 50-55% wt. as the temperature reached 800uC. Three distinct stages in the mass loss can be observed in the TG profile as presented in Figure 2a (black curve). The first stage is located below 200uC and can be explained by the removal of crystalline and adsorbed water. A second mass loss of 30% was found between 320 and 450uC, and a prominent exothermic peak (at approx. 390uC) occurs in this region. This large mass loss is due to the oxidation and partial removal of capping agents. Compared to previously published SnO 2 /C spheres (450uC) synthesized by hydrothermal means 30 , we can therefore infer that part of the capping ligands (oleic acid (OA) or OLA as demonstrated by Raman and FTIR spectra, Figure S4 and S5 in the SI) are oxidized at these temperatures. The third stage of the mass loss may be related to a phase transition and further combustion of carbon species as is suggested by the exothermic peak at 793uC 31 . The carbon content in the SnO 2 colloidal NCs presented here is close to that of Archer's SnO 2 carbon hollow nanospheres which have been determined by TGA to be 32.3% by weight 32 . TGA together with IR and Raman analysis demonstrates that the colloidal SnO 2 NCs prepared in this study were capped with a dense packing layer of long chained alkyl ligands which is similar to what was observed in the synthesis of other quantum dots 23 . The ligands can be thermally carbonized in N 2 annealing, which provides a protect-ing layer for the SnO 2 NCs. As seen from Figure 2b , the sample annealed in N 2 atmosphere and which was visually black, was composed of numerous ultrasmall (size below the resolution of FESEM) particles as shown in the SEM panoramic overview, and the edges of the particles are blurred compared to those calcined in O 2 (SEM image shown in Figure S2a ). The shaggy substance on the surface of the particles is amorphous carbon as determined by selected area electron diffraction (SAED) patterns. We thus name this N 2annealled sample as SnO 2 /C nanoparticles or hybrid NCs. The presence of amorphous carbon layers clearly increase the surface area compared to the sample calcined under O 2 . The N 2 adsorptiondesorption isotherms and BJH pore sized distribution both samples are presented in the SI ( Figure S6 ). The specific surface area of the samples annealed in N 2 and O 2 are 90.78 and 74.65 m 2 ?g 21 , respectively. The average pore size lies within 2.0 nm in the SnO 2 /C sample. Figure 2c shows a typical TEM image of the N 2 annealed sample where it can be seen that the uniform size distribution of the particles is still preserved. The SAED pattern in the inset demonstrates that the sample is highly crystalline. The observed diffraction rings can be roughly indexed to tetragonal SnO 2 . A closer inspection by the HRTEM image of the SnO 2 /C reveals that the crystalline domains are tightly encapsulated with an amorphous layer, and some of the amorphous substance appears between the crystals which separate the crystalline particles as indicated by the white curves in Figure 2d or TEM images of Figure S2e and S2f in the SI. The crystalline domain can be attributed to rutile SnO 2 and the amorphous layer, with a thickness of ,2 nm as demonstrated, is the carbon residue produced during the N 2 annealing. The results therefore provide a good indication that a physical buffer to prevent the collapse (or fusion) of the SnO 2 caused by the volume changes is present, and thus a higher capacity for the storage of Li-ions could be obtained by the introduction of this amorphous carbon. To further analyze the chemical composition of the SnO 2 /C, energy dispersive X-ray analysis (EDXA) was conducted by scanning an area of 0.1 3 0.1 mm 2 using TEM. The corresponding element mapping profiles are presented in Figure S7 (see SI). Sn and O were found to be the main elements in the annealed sample. A 1.84% by weight abundance of N was observed which originates from the OLA ligand (Table S1, SI). As previously reported by Zhou and Lou et al. 32, 33 , the incorporation of nitrogen into the anodes could substantially improve the electrochemical performance of LIBs. During the N 2 -annealing processes at ,600uC, the ligands can transform into encapsulating carbon layers as further shown by Xray photoelectron spectroscopy (XPS). The surface chemical composition and the fine-scanning XPS spectra of Sn3d, O1s, C1s and N1s for both the SnO 2 colloidal NCs and N 2 -annealed sample, are detailed in the SI (Table S3 and Figure S8 ). It was found that the peaks of Sn(IV) at 487.3 (Sn 3d 3/2 ) and 495.9 eV (Sn 3d 5/2 ) in the assynthesized colloidal SnO 2 NCs shift to 486.9 and 495.2 eV after N 2 -annealing, which reveals that a lower valence Sn species such as Sn(II) (3d 5/2 , 487.0 eV) or Sn(0) (3d 5/2 , 485.0 eV) was detected after decomposing the photoemission bands of Sn3d (see the deconvoluted peaks in Figure S8d of the SI) 6 . Also the O1s XPS spectra manifest that the surface is deficient in O with respect to the stoichiometry of SnO 2 . In the spectra of C1s, it is found that not only C1 (284.3 eV) and C2 (285.3 eV) peaks ascribed to C-C sp 2 bonds in graphite and C-C sp 3 diamond-like bonds are present in the amorphous carbon, but also an independent peak located at 289.5 eV is observed, which suggests the presence of C-N x on the surface 34 . The N1s peak was also found in the survey scanning profile although it is quite weak (Figure S8f, SI) . This suggests that carbon thermal reactions take place in the N 2 annealing process, during which amorphous carbon and nitrogen residues are produced 33 . Although the relative carbon percentage in the annealed sample is lower than that of the as-synthesized colloidal NCs, there is still ,20% atomic percentage (Table S3 ). It is worth mentioning that the detected carbon content (19.24% at. or 5.0% wt.) is lower than that obtained from TG analysis (,30% wt.). This difference could be due to the microarea of detection used by XPS where arbitrary errors can occur 35 . However both results demonstrate a high percentage of carbon content in the N 2 -annealled sample, due to the existence of densely packed capping ligands on the as-synthesized colloidal SnO 2 NCs.
Electrochemical characterization. To assess the suitability of the prepared SnO 2 NCs for their incorporation into LIBs devices as active centers, a mixed slurry composed of the annealed SnO 2 NCs, acetylene black and poly-vinylidenefluoride (PVDF) was coated onto a copper foil, and then the electrochemical performance was studied using two-electrode Swagelok-type half cells with lithium metal serving as both the counter and reference electrode. Figure 3a shows the cyclic voltammetry (CV) profiles of a SnO 2 /Li half-cell during the first three-cycles. As expected, a notable cathodic peak at 0.75 V can be attributed to the reduction of SnO 2 to metallic Sn and the formation of the solid electrolyte interphase (SEI) layer in the first cycle (4Li z zSnO 2 z4e { ?Snz2Li 2 O, Eq.(1)) 32 . This peak disappears in the following cycles. However, extra reduction peaks located at 0.12 and 0.01 V were found, which can be related to the following reactions: (xLi z zSnzxe { <Li x Sn 0vx ð ƒ4:4Þ, Eq.(2)); xLi z zC (coating layerzacetylene black)zxe { < Li x C (Eq.(3) ), and Li z ze { zelectrolyte?SEI Li ð Þ (Eq.(4)) 36 . Three new oxidation peaks appear at 0.13, 0.54 and 1.26 V corresponding to lithium extraction, de-alloying of Li x Sn and the partially reversible reaction of the SEI layer formation, respectively. Figure 3b shows the galvanostatic discharge/charge profiles up to 20 cycles of the SnO 2 /C at a density of 0.5 C. The initial discharge and charge capacities are 1590 and 908 mA?h?g 21 , respectively. The capacities are calculated on basis of the mass of sample SnO 2 /C or bare SnO 2 nanoparticles loaded in the electrodes. The extraordinarily high capacity corresponding to the first Li 1 charge curve can be ascribed to the SEI layer and the formation of Li 2 O and/or electrolyte decomposition 37 . The pores in the sample SnO 2 /C as evidenced by the N 2 adsorption-desorption, which have an average size that lies within the Li diffusion length 38 , would also contribute to a larger irreversible capacity of SEI. A sloping plateau at ,1.2 V due to the partially reversible reaction of SEI layer formation in the Li 1 discharge curve was observed in the discharge/charge voltage profile ( Figure  S9 in the SI), which is consistent with the CV curves shown in Figure 3a . During the subsequent cycles, the Coulombic efficiency of the hybrid electrodes increases from 73% to 98% after 20 cycles, indicating a good trend of reversibility in the electrochemical reactions. Figure 3c shows the cycling performance up to 100 cycles at a current density of 0.5 C in the voltage range of 0.01-2.0 V vs. Li 1 /Li. Although there are a decline trend and temperature fluctuations observed during the discharge/charge cycles, e.g., two typical capacities of 1120 and 1034 mA?h?g 21 at the fifth and twentieth cycle, a relative stable capacity was achieved at ,910 mA?h?g 21 at the 100 th cycle. The capacity is much higher than the bare SnO 2 nanoparticles annealed in O 2 (,610 mA?h?g 21 at the 50 th cycle as shown in Figure S10 ,) or the previous reports in case of hybrid electrodes (,650 mA?h?g 21 ) 15, 17 , and the stability is also better than that of bare SnO 2 nanoparitles. The SnO 2 /C electrode demonstrates a capacity retention of about 60.5% over 100 cycles, and the capacity loss rate of 0.05% per cycle is far less than those of bare SnO 2 and SnO 2 nanoparticles coated on carbon nanotubes 39 . After cycling 100 times, the rate is increased stepwise up to 8 C (Figure 3d ). As can be seen, even at a high rate of 8 C, the SnO 2 /C sample can still deliver a stable capacity of about 450 mA?h?g 21 , which is higher than the current commercialized graphite anode 9 . The high capacity for Li-ion storage of SnO 2 /C in this research is probably related to the small size of SnO 2 as verified by TEM images (Figure 2b, 2c and Figure S2a -c in the SI), which offers a high reactive activity, and shortens electronic and ionic transport lengths 40 . The thin carbon shells can act as minicurrent collectors for the encapsulated SnO 2 particles that facilitate fast electron transport during the insertion/extraction processes 41 . Furthermore, the high degree of crystalline SnO 2 particles that are deficient in O but doped with N, and have a high specific area, can contribute to the efficient accessibility by the electrolyte thus enhance the electrochemical performance 33 . It is usually believed that the theoretical capacity of SnO 2 is 782 mA?h?g 21 which is only based on the reversible reaction Eq.(2), however a number of investigations have revealed that the reaction of Eq.(1) can be reversible under certain conditions, which would lead to a theoretical capacity of 1494 mA?h?g 21 40,41 . Herein, the as-prepared SnO 2 NCs have an ultrasmall size (,3.0 nm) which is similar to the exciton Bohr radius. The diameter of SnO 2 /C particles remains at about 5.0 nm even after N 2 annealing owing to the dense capping ligands after carbonization. As is known [42] [43] [44] , the reversibility of reaction Eq.(1) is mainly influenced by the intrinsic conductivity of SnO 2 , grain size of Li 2 O and Sn, their degree of dispersion and the contact degree with conductive additives. We thus indicate there can be reversible reaction or at least part of the Eq. (1) occurs in our system. Taking in consideration of SnO 2 percentages (70.0%) and C (30.0%) in Sn 2 O/C, we obtain a data of 1154 mA?h?g 21 (1494 3 0.70 1 372 3 0.3 5 1154 mA?h?g 21 ). This evaluation is much closer to our experimental results. The high stability or cyclability is mainly attributable to the encapsulating carbon layers which are able to suppress the aggregation of the SnO 2 nanoparticles, and can preserve the electrochemical activity during the lithiation/delithiation process 45 . As stated in the literature, the main reason for the rapid fading of SnO 2 electrodes is that a large volume expansion of the SnO 2 material occurs during the battery cycling, leading to the pulverization of the electrode 16 .
Here, in the case of SnO 2 /C as confirmed by HRTEM and N 2 adsorption-desorption, the carbon layers homogeneously encapsulate the annealed SnO 2 NCs separating them. The protecting layers are porous due to the pyrolysis of the ligands. Such an amorphous carbon layer could provide an elastic matrix which is helpful in tolerating the reversible volume change while avoiding the merging of adjacent SnO 2 nanoparticles 33 . Furthermore, the porosity in SnO 2 / C offers lithium ions easier accessibility during the cycling process, which leads to increased accommodation behavior for lithium as well as improve the kinetics of the SnO 2 /C anode 45 . These results demonstrate that the carbon layer not only enhances the electrochemical activity of the SnO 2 NCs, but also improve cycling performance significantly 33 .
In order to better understand the cycling stability of the SnO 2 /C electrodes, the lithium driven microstructural evolution of the SnO 2 electrode was studied by ex-situ TEM and SEM imaging (Figure 4 and Figure S12 in the SI), which was performed on the SnO 2 electrodes after electrochemical cycling by stopping the cells at 2.0 V. Examinations of the electrode after 20 cycles indicated that the uniform size of the NCs was preserved and that they were still contained within the layered carbon. The average observed diameter of the NCs was around 3.0 nm, and the lattice distance measured can be ascribed to the tetragonal SnO 2 and a-Sn (Figure 4b) , which demonstrates there are phase transitions during the lithiation/delithiation process as expected 32, 33 . The EDS spectrum and mapping profiles obtained in connection with the TEM observation are presented in Figure S13 (see SI). The results reveal that other substances such as F, P and adventitious Si are present in the anode materials which originate from the electrolyte of LIBs (Table S4 , SI). It is notable that the complete structural integrity of the interconnected SnO 2 /C active electrode materials was preserved. It is usually thought that the SnO 2 nanoparticles form interconnected aggregates due to the repeatable volume expansion and shrinkage during charge/discharge 41 . However, we do not find any significant aggregation under TEM observation. The large layered substance is likely acetylene black, and there are still amorphous carbon layers on the NCs after cycling as evidenced by EDS mapping ( Figure S13 ). Therefore it is reasonable to infer that the carbon encapsulation of the SnO 2 NCs functions as a physical matrix or buffer layer and strengthens the stability of the electrodes, which highlights the merits of the SnO 2 /C electrodes in enhancing the cycling performance. Moreover, the interconnectivity of these discrete SnO 2 NCs through the carbon layers facilitates electron transfer as an electrode material, and presence of inherent vacancies inside both the amorphous carbon and acetylene black sheaths are another plus for alleviating the problems resulting from the large volume change of SnO 2 , which gives their superior cycling performance. The smaller Ohmic contact resistance Rs (0.94 V) and charge-transfer resistance Rct (24.4 V) as compared to those of SnO 2 NCs annealed in O 2 (Rs 5 2.46 V, Rct 5 56.9 V) supports this conclusion. It was found that the Rs and Rct increase notably after 20 runs of charge/discharge in case of SnO 2 nanoparticles annealed from O 2 atmosphere while the resistance in the SnO 2 / C electrode does not show much change. The lower Rs and Rct values of the assembled SnO 2 /C electrode can be attributed to the homogeneous conductive carbon sheaths which show good electronic conductivity. The Nyquist plots and the corresponding fitted data of the dummy cells consisting of two identical electrodes made with SnO 2 / C and SnO 2 nanoparticles are presented in the SI ( Figure S14 , Table S5 ). Discussion Based on the analyses, we propose an O 2 -induced hydrolysis mechanism to rationalize the synthesis of colloidal SnO 2 NCs in the hotbubbling process. As identified by Peng and co-workers 46 , in a mixed alcohol/n-octadecene (ODE)/OLA system, the formation of In 2 O 3 nanocrystals takes place via the pathways of hydrolysis and esterification, in which the alcohol is the activating reagent. We thus propose that the formation of SnO 2 NCs proceeds by the following reactions, and that O 2 is an activator during the high-temperature hydrolysis. The freshly prepared stannic hydroxide was obtained by hydrolysis of SnCl 4 ?5H 2 O, and we term the product of the hydrolysis as SnO x (OH) 2(22x) 47 . Stannic hydroxide can be dissolved by oleic acid (HOA) in ODE at elevated temperatures (Eq. 5). The photographic images of the phase transitions are shown in Figure S15 (SI). As demonstrated, the turbid suspension of stannic hydroxide in ODE/OA and/or OLA becomes clear at about 220uC. This provides evidence for the formation of the Sn-oleate complex (Sn(OA) 2x (OH) 2(22x) ) in the hot surfactant solution similar to that of Kovalenko's Sn-oleylamide complex 48 . The bubbled air (containing O 2 ) works as an activator to deprotonate the Sn(OA) 2x (OH) 2(22x) which in turn accelerates the hydrolysis reactions and promotes the burst of nucleation at elevated temperature (Eq. 6). Equation 7 denotes the hydrolysis when other carboxylic acids were used as anions for the tin precursor. The ligands, namely OA and OLA, are suspected to coordinate to the SnO 2 NCs surface and thus can affect the oriented attachment during the growth 4 . The presence of large crystals was corroborated by TEM observation at prolonged growth time ( Figure S11a , SI). This phenomenon has also been observed by Zhou and coworkers when they synthesized micron sized plate-shaped SnO 2 crystals 33 . Under conditions where no air is bubbled through the solution it is possible to receive the hydrolysis products, however, the products are large-sized and irregularly shaped if the reaction time is more than 3.0 hrs (Figure S11b, SI). No particles are produced if the reaction time is less than 2.0 hrs. This suggests that the bubbled O 2 is a good protonating agent to induce the hydrolysis of Sn-oleate complexes. The morphology of colloidal NCs is also dependent on the nature of solvents used. For example, when ODE was replaced completely by OLA, and tin(II) acetylacetonate (Sn(acac) 2 ) was used as the Sn precursor, only laminated SnO 2 nanoparticles were obtained, and flower-shaped SnO 2 particles of micron size were produced after calcination. Figure S11c in the SI provides an SEM image of this sample and the corresponding EDS profile (Figure S11d, SI) . These results clearly demonstrate that the polarity of the solvent and the solubility of reactants affect the intermediates in solvothermal synthesis, thus yielding different morphologies of the final products 19, 49 .
In summary, for the first time ultrasmall SnO 2 nanocrystals were successfully prepared via a facile hot-bubbling route. The colloidal SnO 2 NCs were synthesized by an O 2 -induced hydrolysis pathway in the hot surfactant solution. The high-temperature in the synthetic environment provides a high degree of crystallinity in the final products, and the inert atmosphere annealing affords the formation of carbonaceous layers hybridized with nitrogen dosage which can prevent aggregation during the synthesis and annealing processes. The N 2 -annealed SnO 2 NCs exhibit outstanding reversible capabilities and cyclability for Li-ion storage, which are attributed to the ultrasmall size of the as-synthesized NCs, large specific areas of the particles, and their special characteristics of thin layered carbon shells and N-doped structures resulting from carbonization reactions. Using these SnO 2 /C composite nanocrystals as starting materials, the synthesis of other 0D nanomaterials using similar synthetic routes will certainly aid to extend their potential applications.
Methods
Hot-bubbling synthesis of SnO 2 nanocrystals. The reagents including tin(IV) chloride pentahydrate (SnCl 4 ?5H 2 O, AR. grade), oleic acid (OA), oleylamine (OLA, 80-90% C18 content), n-octadecene (ODE, 90%), LiPF 6 (battery grade), ethylene carbon (EC, anhydrous, 99%), dimethyl carbonate (DMC, anhydrous, $99%), N-methyl-2-pyrrolidone (NMP, anhydrous, 99.5%), toluene ($99.5%), isopropanol (AR.) and methanol (anhydrous) were purchased from Sigma-Aldrich. All of the chemicals were used as received without further purification. In a typical experiment, the tin precursor stannic hydroxide (SnO x (OH) 2(22x) ) was prepared by hydrolysis of SnCl 4 ?5H 2 O (3.50 g, 0.01 mol) in the presence of NaOH (0.16 g, 0.04 mol) in 200 mL aqueous solution. The greyish hydrolyzed SnO x (OH) 2(22x) particles were collected by filtration and purified by rinsing with cold water. The freshly prepared SnO x (OH) 2(22x) (0.180 g, 1.0 mmol), OA (2.6 mL, 4.0 mmol), ligand (OLA, 1.0 mL), and solvent (ODE, 10 mL) were loaded into a three-neck flask connected to a Schlenk line. Any volatile material was removed by vacuum distillation at 100uC at 0.1 bar. Subsequently the green turbid solution was switched to N 2 flow and the mixture heated from 100 to 220uC until a colorless solution was obtained, where the Sn-OA complex was prepared. The solution was then bubbled with air at elevated temperature (280-320uC) during which the clear solution turned brownish red and finally dark with increasing time. The resulting nanocrystals were harvested by precipitation employing toluene as the solvent and isopropanol/methanol (1.0, v/v) as nonsolvents. The products were purified several times to remove excess ligands by the same means (dissolving in toluene and nonsolvent precipitation). The final products (0.174 g) were dried at 60uC in vacuum before they were used further. During the hot-bubbling synthesis aliquots were taken from the flask and quenched in room temperature toluene, and were used for optical characterization. For the synthesis of SnO 2 NCs with other precursors such as Tin (II) 2-ethylhexanoate and di-n-octyltin oxide, the procedures are the same with the exception that there was no need to synthesize stannic hydroxide as a precursor.
Characterizations. SEM measurements were performed on a CrossBeam Workstation NVision40 field emission scanning electron microscope operated at 5 kV. TEM and HRTEM characterizations were conducted on a JEM-2100F field emission transmission electron microscope operated at 200 kV. EDX analysis was obtained with an EDAX system (Oxford 7788) linked with TEM instrument. Thermogravimetric (TG) analysis was carried out on a SDT Q600 instrument, and measurements were done under an O 2 or N 2 flow of 60 mL/min with a temperature ramp of 3uC/min. XPS spectra were collected on an ESCALab220i-XL electron spectrometer from VG Scientific using 300 W Mg Ka radiation. XRD measurements were performed on a Rigaku D/max2500 diffractometer using the Cu Ka radiation.
Lithium-ion batteries (half cells) fabrication. Electrochemical experiments were performed using Swagelok-type cells. Similarly to the procedures of Yan et al. 50 , lithium-ion batteries were fabricated using a lithium foil as the negative electrode, a 1.0 M solution of LiPF 6 in EC/DMC (151, v/v) as the electrolyte, and a pellet made of the hybrid SnO 2 NCs, acetylene black and NMP in a weight ratio of 75251 as the positive electrode. Each electrode was 8 mm in diameter and separated by two pieces of Celgard 2400 membranes. The battery cell was assembled in an argon-filled glovebox with the H 2 O and O 2 concentrations below 1.0 ppm. The electrochemical properties were studied with a multichannel battery-testing system (Arbin BT 2000). Galvanostatic charge-discharge cycling was performed at a constant current density of 0.5 C (0.392 A?g 21 ) over a voltage window of 0.01-2.0 V. The working electrode was measured at room temperature during the whole process. Electrochemical measurements were performed by using a potentiostat (IM6, Zahner elektrik) connected to a personal computer and controlled by using the Thales software package. The electrochemical impedance spectroscopy (EIS) tests were carried out in a frequency range from 50 mHz to 100 kHz to evaluate the electrochemical behaviors of the dummy cells made with two identical the electrodes derived from SnO 2 or SnO 2 /C NCs. The parameters of the equivalent circuit were fitted by using Zview software.
